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This thesis presents the results of 
dil&tometric observations made on a series of 
corrosion resistant chromium steels, some of 
Navy specii ication composition, and some of stand- 
ard commercial analysis. Chromium ranges from 13 
- 17;^, carbon from .10 to .90,1;; ’jrith and Vv'ithout 
various amounts of aaded elements, such as copper, 
nickel, manganese and molybdenum. The correspond- 
ing microstructure, hardness and charpy impact values 
are described in the thesis presented by Lieutenant 
G. A. Kolderness, U.S.T., and Lieutenant (jg) 17. C. 
France, U.S.F. 

The observation and study of phase change 

by means of the dilatomcter has mi-.ny advantages. Of 

primary importance are the follo-.;ing: 17ith the same 

set up changes in volume are easily and rapidly ob- 

0 

servable over temperatures ranging from 900 C to 
liquid nitrogen. Small variations in the established 
rate of heating or coeling do not introduce errors. 

It is possible to arrest the observations at any tem- 
perature and observe the efi^ct of time u“on the 
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Introduction Continued 



transformation. Of major importance also is the 
ease with whicn diiatometric curves can be used as 
r one CK and to correlate the observations maae by 
X-Rays on the phases present at any temperature. 

Space lattice dimensions can be corrected to any 
temperature (if determined at any other temperature 
by X-Rc.y data) by the expansion observed, Sy follow- 
ing calculations of this type an interesting point 
on the ^llotropy of iron is observed. 

To illustrate this, consider the chc nge 
from alpha (c<) which is body centered cubic to gamma 
(^) viiicit is face centered cubic. The atomic volume 
for the alpha phose d'^/li, vfnere "d" is fne parimeter 
of the unit cell, end for the gamma phase is d^/4, 
sine' there ere respectively two and four atoms in the 
unit cell. If this volume is to remaan constant 
d^(«<)/f = d^(y)/4 or d [7f] * (/ £ x d («<). d («<) 

corrected for thermal expansion by means of diiato- 
metric data is ?.394 A at 900° C (1650° P) ( a = 

• ^ Q 

Ang*'trora Unit = 10 cm.). Then d (3^') e 1.26 x 2,894 

0 

- 0.646 A the lattice dimension for gamma iron. Con- 

sider th: t the least interatomic distance remains 



Introduction Continued - 



unchanged then d {Y) s S/i” d H).d ,(y) » jj 3/r, 

0 

X 2.894 = 3.545 A. On this basis the contraction 

0 

shcnid be O.lOi A or 2.8Ja since the observed con- 
traction is only 0.3;c^ the actual lattice dimension 

tor the gamma phase is 3.646 x (l - 0.003) _ 3.635 

0 

A. From this, the lea t interatomic distance for 

the gamma phase is 3.635 x f2/2 - 2.57 A and for 

the alrhe •ohase is 2.894 x ^3/2 = 2.51 A. Then the 

change from alpha to gamma is accompanied by an in- 

0 

crease in the least interatomic distance of 0.06 A 
in spite of tne observed decrease in volume. 

Dilatometric studies also permit estimation 
of volume changes, calculaiion of amount of phases 
present at any temperature, behavior of materials 
beloYiT room temperature, comparison of coefficients 
of expansion and contraction by slopes of heating and 
cooling curves. 



APPARATUS . 

The dilatometer used is a modification of 
one endorsed b;/ the Bureau of Standards. The specimen 
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Arps^^'t'-is Continued - 

ueed we.s t- aolid cylinder nbout one-iic.lf inch in 
diameter v-ith en effective length of one inch, 
having £• slot cut in the top into r'hich tiie thex’uo 
cc 4 U~le ■t<‘od v:es secured. The thermocouple v,'rs 
r. ichel - Constcntsn ccrefully cclihrcted used in 
conjunction v;ith stondard Leeds and Torthrup poten- 
tiometer c.nd grlvanonetcr. The dilatometer consists 
of a cucrtz tube, Id inches long, sealed at the low- 
er end by a flat quartz plate. Cn this plate rests 
c one inch length of quartz tubing,' on ■y.'nich rests 
the specimen. On top of the specimen is another 
ua..rtz tube which transmits the dilatation of tne 
specimen to a dial gauge. Both ends of the specimen 
were cut to smaller diameter to insure seating and 
centering in the quartz tube. The gauge is connected 
to the outside quartz tube by the device described by 
the Bureau of Standards. This assembly is cemented 
in a hole in a brass plate upon which a bell jar is 
placed. The thermocouple v;ires -were run through a 
t'^o aole refractory tubing, led through the bro.ss 
■’''late and sealed with a vacuum gutta-percha, cement 
■(*hich also served as electric insulationi The brass 
plwte also has a hole for connection to s. vacuum pump. 
The gauge rntde ten I'evoluticns for a total measure of 

0.1 inch. 
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Apparatus Continued - 

A small resistor type furnace v/as used. 
Arranged so that it could be moved un or dovm over 
the outside quartz tube. The furnace vrindings was 
such PS to render it very sensitive to changes in 
pov/er . 

In making observations the current was 
applied at such a rate as to give an increase of 
0.1 millivolt per 1.5 minutes. It v/as cooled at 
the same rate. 

It will be seen from the above that this 
8,pparatus meets the more desirable requirements. The 
apparatus should be useable from about 900° C to v/ell 
belov/ room temperature. The lower temperatures being 
easily attained by substituting a Dewar Flask of 
liquid nitrogen for the furnace. The device for 
indicating volume change permits quick and easy read- 
ing and is capable of following rapid changes. The 
vacuum system protects the sample from oxidation and 
eliminates errors due to this cause. The manner of 
heat application and small length of specimen insure 
its being at a uniform temperature throughout. 
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Apparatus Continued - 

This method of observing dilatation, 
while not the most accurate, does permit rapid and 
direct reading of changes in length over a fairly 
large range v/ith a high degree of sensitivity. 

D aS GRIFT lOlT Oy SAIllLES . 

Samples are wrought alloy steels, of stain- 
less type, and find very diversified application. For 
moderate resistance to nitric acid, for exposure to 
atmosphere, fresh water and sea water, v/hen a thin 
corrosion film that does not penetrate is not objection- 
able, for the food products and other chemical industries, 
steam turbine blading, they are functioning satisfacto- 
rily, Stainless st' el has been the standard for immunity 
to the attack of fruit and vegetable juices, and other 
organic substances, in the manufacture of cutlery, 
dental and surgical instruments, etc., but a.re being 
displaced by higher carbon, higher chromium alloys. 

Chromium steels are subject to a number of 
inherent defects that must be guarded against in fabri- 
cation and in use if their good qualities are to be 
preserved. Because of air hardening properties, iron 
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Description of Samples Continued - 

chromium alloys conta.ining less than 14 Cr cannot 
he welded unless subsequent annealing is permis- 
sible, Likev/ise in hot riveting the rivets should 
not be heated above about 1500 degrees F for driving. 
This air hardening also creates manufacturing diffi- 
culties to a slight degree in stainless iron, but 
to even a greater degree in stainless steel. With 
Cr about 14^ and C low, high temperatures for hot 
working (over about 2000° F) produce grain growth 
and brittleness that can oe corrected only by severe 
rev/orking at correct temperature, ViTith steel contain- 
ing over 15 Cr, welding produces grain grov;th and 
% 

brittleness that cannot be corrected by annealing. 

For riveting, temperatures should be belov; 1500° F, 
especially if the silicon is high, otherr/ise similar 
conditions result. Also in lov/ carbon, high chromium 
(16^ or over), long duration of heating between 840 
and 1020° F produces on subsequent cooling a high 
degree of brittleness rendering this steel unfit for 
operating temperatures v/ithin this range. These 
steels are ra-ther sensitive to dra¥/ing temperatures. 
Tempering at a.bout 1000° F from the as quenched or as 
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Description of Samples Continued - 

rolled condition produces marked susceptibility to 
corrosion and weakness in impact. Tliis is accom- 
panied by a lower hardness, a weakening in propor- 
tional limit and general break down of the metal. 

The Navy uses material of this type for 
structural v;ork, principally on submarines. Although 
c.orrosion-resisting steel is just as v/ell suited for 
similar v;ork on other classes of vessels, its high 
cost has not warranted as extensive use on the larger 
ships . 

Some of the applications for which corrosion- 
resisting steel has been used or for which it is consider- 
ed suitable for use are listed as follows: 

Periscope tubes. 

Bolts, studs, nuts, shafts, pins, valve 
stems, piston rods, and operating rods for 
inaccessible gear. 

Studs, washers, and nuts on manhole 
covers in inner bottoms. 

Hinge pins for water-tight doors , rollers 
and gears on sliding doors in bunkers, fire- 
. rooms, and engine rooms. 

Rigging screv/s and turnbuckles, davit 
fittings, boat stowage parts, and deck fittings. 

Latches, ratchets, and pins for capstans. 

Propeller shafts, rudder stocks, and pintles 
for small boats. 
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Description of Samples Continued - 

Working parts on dredges (shafts, 
rollers, pins, etc.). 

Submarine radio and signal masts 
(5-inch extra heavy pipe). 

Gold-rolled hatch springs. 

Non-magnetic parts in vicinity of 
the magnetic compass. 

Steel shafts on steering transmissions. 

Steel parts on teleraotor and gyro 
pilot mechanisms. 

Steel parts on emergency steering 

system. 

Clearing lines, submerged anchor 
cables, and tov/ing bridles on submarines. 

IC^TrlOD OF OBTAIhllTG /JO) RECORD IITG D.^^TA. 

Each sample v/as mounted in the dilatometer, 
care being taken to insure proper seating and no lost 
motion due to slip of gauge, etc. Electrical energy 
v/as supplied to the furnace at such a rate as to pro- 
Quce an increase of one millivolt (about 15 C) tempera- 
ture per 1.5 minutes. Cooling v/as at the same re.te. Time 
temperature, and percent elongation readings v/ere taken 
to insure this. The potentiometer was standardized at 
frequent intervals during the run. Each sample was run 
twice without removing from the dilatometer. The second 
curve v/a.s checked against the first and used as represent 
ing the true conditions. 
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C UTtVES A - X - E. 



Sample X differs from a Toy 0.9 more Or. 

The effect of tnis is shown by displacinj; - 

o 

ganiTia transformation from Gif C to 819 C and 

displacing end point of gamma - alpha from 703° C 
0 

to 755 C. These teoipere.ture comparisons e,nd rela- 
tive size of hysteresis loops shovi tha.t the effect 
of added Or is to lessen the amount of gamma pha.se 
end raise the temperatures of the transformations 
as shovm by Krivobok and Grossman in their work on 
]?e , -Cr, -C system. Sample X shows almost a revers- 
ible transformation, hence the narrovr hysteresis loop. 

Sample A has .24 less carbon than 3, being 
otherwise the same. Y»’’ith that Cr and C content of 3 
we have pra,ctically the eutectoid composition of Fe - 
Cr - C system. VYith the increased C content we have 
more gamma phase present than A, consequently the alpha 

- gc.mma transformation is more marked, taking place 

0 0 
at 786 C (figure 3) curve 1, compared to 826 C 

(figure 2) curve 1. The lower transformation takes 
0 0 

pla.ce at 374 C compared to 734 C. It is interesting 
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Curves A - X - E Continued - 

to note tv;o distinct transformations in the cool- 
ing curve. In each one of the transformations the 
sample stopped contracting and actually expanded, 
although the intensity of each transformation was 
different and was not as great as it might have been 
if the transformation had completely taicen place 
at one temperature. Investigation of the split treins- 
formation on cooling was made as follov/s: Hun 2 

(figure 3, curve 2) was made by heating specimen 
through alpha - gamma transformation, no curve being 
plotted for the heating, but using uniform hea,ting 
rate as before, and on cooling was held for one-half 
hour. at 700° C, near the upper transformation point. 

O’- fnrtj..er cooling the gamma - alpha transformation 
did not occur. lun 3 (figure 3, curve 3) was tnen 

made : nd after alpha - gamma transformation had taken 

0 

place on heating, specimen was held at 935 C for 
one-helf hour and cooled normally again showing split 
transformation, however, suppressing slightly the 
upper transformation and increasing the intensit-/ of 

0 

the l 07 /er. The first break on cooling coming at 709 C 
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Curves A - X - iJ Continued - 

1 * rterc of C, the scccnd break on cooiinc 

co’'unr ot 368° C inste' d of Z00° C. Tiie slope 
of run 2 (figure 3, curve 2) efter the transform- 
ation on cooling is si”nilar to run 3 rfter the 

0 

l:>tter’s lower tronsf ormation on cooling at 368 
C, showing that the gamma - alpha transformation 
of run 2 took place at one -temperature v'lien suffi- 
cient time had been allov-'ed. An additional run was 

made on Z at this time, the sample v/a-s heated as 
0 

before to 935 C, no heating curve being plotted, 
and on cooling was held for two hours at the sa^me 
temperature (700° C) where it was formerly held one- 
half hour. Since the curve is essentially the same, 
it was not plotted. The complete gamma - alpha 
transformation took place as before, this time follov/- 
ed by a contraction of .005^, presumably showing the 
precipitation of carbides at this terapera.ture , It is 
unfortunate that the apparatus failed at this point, 
making it impossible to obtain a cooling curve for 
comparison with that previously obtained. The writers 
believe that the difference in slope, between run 2 
cooling curve and run 1 heating curve, to be due to 



12 



Curves A - X 



Continued 



carbide precipitation. 



Pour impact specimens v/ere made of steel 

E and treated as follows: All four were heated to 

o 

940 C and furnace cooled, Tyio specimens were 

quenched from above the upper transformation point 

o 

on cooling at 800 C, and two just below the start- 

0 

ing point for the transformation at 703 C. 

The results were as follows: 



Quenched from 800° C 
(figure 13) 

Impact 4.1 ft. lbs. 
Hardness 45.5 Rockwell C. 



0 

(Quenched from 703 C 
(figure 12. ) 

Impact 37,2 ft. lbs. 

Hardness 9 Rockwell C. 



0 



Showing that at 800 C the structure, on quenching, is 
by nature Martensitic which accounts for the e-lloys 
being hsrd and brittle. At 703° C the structure is 
essentially Troostitic or Sorbitic with the carbides 
precipitated. The accompaning photomicrographs help 
to confirm this. The results of the impact values 

0 

show that heat treating range is narrow between 700 
C and 800° C, and the time necessary to bring about 
these changes is quite small, being about one-half hour. 



The split transformation is explained as due 
to increased carbon content stabilizing the gamma phase 
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Curves A - X - E Continued - 

end the effect of the cooling rate. It is obvious 
from our findings that with an infinitely slow cool- 
ing rate the complete transformation should take 

0 

place at about 720 C. \¥ith a dra.stic quench the 

0 

transformation will be suppressed until about 370 C 
is reached. With the intermediate rate used , the 
transformation starts at the higher temperature but 
is prevented from continuing by further cooling of 
the sample, producing a metastable super-cooled state, 
;vhose tendency to transform becomes more and more 
intense as the temperature falls, until it overcomes 
all opposition and transformation again starts and is 
completed at the lower temperature. 

The contraction on precipitation of carbides 
is explained as follO¥/s; The carbon atom is quite 
large in comparison to the iron atom and its diffusion 
in solution into the iron space la,ttice produces 
considerable distortion. The carbide molecules do not 
exist as such in the solid solution, but as carbon 
atoms associated in a definite manner, and definite 
proportions, with iron and chromium atoms. On coming 
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Curves A - X - E Continued - 

out of solution the carbon takes with it the Fe and. 

Cr to form the carbide molecule, which associates it- 
self with other carbide molecules to form sizeable 
particles. This tends to produce expansion of the 
sample, but since the iron space lattice is no long- 
er distorted by the presence of carbon and chromium 
atoms, it contracts to its normal size. This con- 
traction overcomes the expansion caused by formation 
of carbide molecules and results in a contraction of 
the sample. 

Sample A was cooled to -164° C to determine 
the effect of low temperature treatment on the trans- 
formation temperatures. No change in the transformation 
temperatures was noted. The change in slope of the 
heating curve at about 722° C, showing an abnormal 
expansion, is due to the carbides going into solution. 
This is true of all curves showing a change of elope 
at about that temperature. Due to iov; carbon content 
this sample does not show the split transformation, 
although the irregularity of the transformation curve 
on cooling may be taken as an indication of its presence 
with higher carbon content as in E, 
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CURVES V - ^ 

(Analysis of figure 5: - Sample V 
should read - Chromium 12.90^ instead of 14^, 
the rest of the analysis being the same.) 

Samples V (figure 5) and A differ only 

in that sample V has 1.01% nickel content and A 

has none. The effect of the nickel is to greatly 

increase the size of the hysteresis loop, shifting 

the alpha - gamma transformation on heating from 
o ^ 

812 C to 740 C and gamma - alpha on cooling from 

703° C to 310° C, Showing that the effect of nickel 

alone is to lov/er the temperature slightly of the 

transformation on heating and to lov/er the trans- 

0 

formation temperature on cooling almost 400 C. 

CURV.:.S V - X. 



Sample V differs from X in chromium and 

nickel content, the latter having l/o more chromium 

and no nickel. The effect of nickel compared 

7 /ith l/j chromium is shov/n by these two samples. 

ITickel grectly increases hysteresis loop, shifting 

o 

the .'.Ipha - gamma transformation from 846 C to 740 

0 0 

C c.nd th<= gamma - alpha from 800 C to 310 C, con- 
firming the fact that in these alloys the effect of 
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Curves Y - X Continued 



1/a nickel is to increase the stability of the 
gatntnt phase and to lov;er the transformation points 
despite the opposite effect of 1^1 chromium. The 
effect of 1% nickel is apparently much greater than 
1% chromium. 



CUPC/i.S V - y. 

Samples V (figure 5) and P (Figure 4) 
differ essentially in sulphur and chromium content, 

F having .451/^ more sulphur and l,3/o more chromium. 

Sample F was cooled v/ith liquid nitrogen to 
minus 164° C a.s in sample A to determine the effect 
of low temperature treatment. It is seen from curve 
2 (figure 4) that cooling below room temperature had 
no effect on transformation points on cooling or heat- 
ing. 

The effect of sulphur apparently is not 
noticeable on the transf orma.tion points. Comparison 
of curves V and F show that the alpha - gamma and 
gamma - alpha transformations take place higher in 
F due to higher chromium content. Transformations 
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Curves V - ¥ Continued - 

take ’■'lace at lower temperature in V due to greater 
nickel content. 

CURVi.S 

Samples ¥ (figure 4) and B (figure 6, curve 

1) are similar except tliat B has ,05/i? more carbon and 

¥ his .452/^ more sulphur. Sample B shows much more 

pronounced split tra,nsf ormation than sample ¥, If, 

as v;as already stated, sulphur plays no part in the 

change of the ni ture of the transformation, then it 

ma.y be concluded that the effect of higher carbon is 

to produce the split transf orme.t i. n and lower the 

0 0 

upppr transformation on cooling from 795 G to 710 C, 
the lower transformations being at about the came 
temperature. The temperatures arrived at were measured 
on original large scale cherts since they could be 
rc! d more accurately. 

The tendency for split transformation in B 

Q 

ot J^bout 750 C ■••■f-s further investigated. Sample was 
hested to above the alpha - gamma transformation ’^oint 

n 

and on oonling was held at 710 G for one-half hour. 

As shown by tl'c curve 2 (figure 6) most of the trans- 
formetion took ni-.ce at this temperature. It is believed* 
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Curves B - P Continued - 

that if sufficient time had been allowed for 
equilibrium to be reached the lower transformation 
would have been eliminated as in Sample E, 

CinVES B - C^ 

Sample C (figure 8) differs from B (figure 

6) in having 1.33/^ more Cr and ,19/J more Ei. The 

effect of Cr is shown again to raise the transforma- 

0 0 

tion point on heating from 710 C to 786 C and higher 
nickel again to lower the gamma - alpha transformation 
from 350° C to 324° C. 

Brom previous curves higher Cr results also 
in raising the temperature of transformation on cooling. 
Since in the case of a.lloys B and C, the transformation 
on cooling is actually lowered, the effect of the 
difference in Ni content may be considered. Thus even 
srmll amounts of hi have more influence on transf orma.ti on 
(cooling) than large amounts of chromium. 

Gm\T-.,S G - 

Sample G (figure 7) differs from C in having 
.73/^ more carbon, slightlv higher Cr, and less l\i. The 
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Curve D Continued - 

composition vrith any other sample. The curve is 
almost exactly the same as T, indicating that the 
effect of molybdenum, nickel or copper is practi- 
cally the same. The transformations take place at 
the same temperatures and tiie cooling curves change 
slope at the same temperatures, 

Q.uciTCiii:D cu'ivas . 

Sample A (curves shown in A', figure 2) 
was quenched from above the transformation point on 
heating retaining some of the gamma phase at room 
temperature. Sample v/as then heated normally to 
determine the effect of quenching on the transforma- 
tion temperature. An error was made in plotting this 
curve, the origin should be displaced one division to 
the left. Q,uenching has no effect on the transformation 
temperature . 

' 0 

The change of slope noted at about 525 C was 
further investigated. This temperature also conforms 
v;ith a drop in impact values of specimens drav/n at that 
temperature . 
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Quenched Curves Continued - 

Three additional samples, V, B, and C 
(figure 11), were also quenched and heating curves 
taken. Changes in slope were also noted at about 
the same temperature in all samples. The slope of 
the quenched curves differ from that of the unquench- 
ed sample 'and since the coefficient ' of expansion of 
gamma and alpha phases differ, and the change of slope 
at the points noted is an expansion, this must he due 
to the phase change from gamma to alpha on drav;ing, 

DISCUSSION . 

In this investigation we have attempted to 
cover the effect on transformation points of small 
amounts of added elements, low temperature, and such 
heating treatments as quenching on holding at definite 
temperatures for varying periods of time. It is 
apparent that lov/ temperatures attained in this study 
has no effect on the transformations of these samples. 
Where there is evidence of a split transformation, hold- 
ing at the temperature for sufficient time where the 
split transformation first appears, will cause the com- 
plete transformation to take place. The effect of 
quenching, from above critical range, results in no 
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Discussion Continued - 

change in transformation temperatures on heating 

and cooling, showing that v/ith heating rate used any retained 

Austenite was decomposed and had no effect on the 

transformation temperatures. However, irregularities 

appear in heating curves of quenched samples, as 

shov/n in curves 1 and 2 of A’ , figure 2, also of 

curves in figure 11, showing that previous heat 

treatment does effect the slope of heating curve 

and might influence heat treatment, a,s drav/ing, of 

these samples. 

The conclusions dravm from the above investi- 
gations agree in substance with those arrived at by a 
study of the impact and hardness values of the same 
samples as investigated by Lieutenants Holderness and 
France. The amount of displacement of transformation 
tempera-tures per unit amount of added element should be 
determined by additional investigation since only the 
trend of displacement is pointed out here. It is suggest- 
ed that X-Ray determinations be made to confirm the 
results of dilatometric study. 



o 
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A3 TO EFYLCT OF ADDED SL23I.ZJITS . 

CARBOIJ - lo\7ers transformation points 
on heating and cooling, tends to produce split trans- 
formation and increases size of loop. 

CH'^.CLIIUIl - raises transformation points 
on heating and cooling, and decreases size of loop. 

IIIGKEL - lowers transformation points 
on heating and cooling, increases size of loop, and 
counteracts tendency of csrbon in producing split 
transformation. 

COrpEH - Behaves the same as nickel, hut 
not as markedly. 

SULPIiUR - ITo noticeable effect on trans- 
formation temperatures. 

EOLYBELITUL’I - Apparently the same as nickel. 

The authors wish to express their thanks to 
Ilr. hose of the Colonial Steel Company, L.na to the 
Bureau of Ordnance, Yevy Department, for the generous 
supply of material. To our friend anc" instructor. Dr. 

V. r. Ilrivobok, Eeretrch Associate and rrof<^sEor of 
metallurgy, Cr--rnegie Institu+e of Technology, for helpful 
suggestions "nd criticism. 
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